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CholesterolThe peptide melittin, a 26 amino acid, cationic peptide from honey bee (Apis mellifera) venom, disrupts lipid bi-
layer membranes in a concentration-dependent manner. Rather than interacting with a speciﬁc receptor, the
peptide interacts directlywith the lipidmatrix of themembrane in amanner dependent on the lipid composition.
Here, a small-angle neutron scattering study of the interaction ofmelittin with lipid bilayersmade of mixtures of
dimyristoylphosphatidylcholine (DMPC) and cholesterol (Chol) is presented. Through the use of deuterium-
labeled DMPC, changes in the distribution of the lipid and cholesterol in unilamellar vesicles were observed for
peptide concentrations below those that cause pores to form. In addition to disrupting the in-plane organization
of Chol, melittin produces vesicles having inner and outer leaﬂet compositions that depend on the lipid–Chol
molar ratio and on the peptide concentration. The changes seen at high cholesterol and low peptide concentra-
tion are similar to those produced by alamethicin (Qian, S. et al., J. Phys. Chem. B 2014, 118, 11200–11208), which
points to an underlying physicalmechanism driving the redistribution of Chol, butmelittin displays an additional
effect not seen with alamethicin. A model for how the peptide drives the redistribution of Chol is proposed. The
results suggest that redistribution of the lipids in a target cell membrane by membrane active peptides takes
places as a prelude to the lysis of the cell.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Membrane active peptides (MAPs) are relatively short peptides, gen-
erally less than 40 amino acids in length, which interact directly with the
lipidmatrix of cellularmembranes, rather thanwith a speciﬁc protein tar-
get [1–4]. MAPs display diverse functions, with most of the commonly-
studied examples being toxins and components of the immune system
[2]. Biophysical studies to determine their mechanism of action have
found that while a direct interaction with the lipid bilayer of the cell
membrane is a common feature, its speciﬁc nature depends on the
sequence of the MAP and on the composition of the membrane [1–4].
Melittin is a hemolytic peptide from the venom of the European
honey bee (Apis mellifera) and is one of the most extensively studiederests.
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ory, PO Box 2008,MS-6473, OakMAPs [5,6]. It is 26 amino acids in length and has the sequence GIGA
VLKVLTTGLPALISWIKRKRQQ. While predominantly hydrophobic, it
carries a net charge of +6 that is concentrated in the KRKR sequence
near the C-terminus (residues 21–24). When associated with lipid bi-
layers, melittin folds into an α-helix that is broken at residue 12 (gly-
cine), creating a helix–hinge–helix structure [7–9]. The folded peptide
is amphipathic along its length, a motif that is shared by other MAPs,
such as magainin, alamethicin and the cecropins [1,3,4].
The interaction of melittin with lipid bilayer membranes strongly
depends on themembrane composition and the peptide concentration.
In ﬂuid phase bilayers,melittin ismonomeric when the peptide-to-lipid
ratio (P/L) is less than 1/200 [10]. At higher concentrations in phospha-
tidylcholine bilayers, the resulting state of the system depends on the
structural phase of the lipid bilayer. Below P/L=1/20, ﬂuid phase bilay-
ers remain largely intact, but break into disk-shape micelles if the tem-
perature decreases below the gel phase transition temperature of the
lipid [11–13]. At higher P/L, the bilayer breaks into small structures re-
gardless of the state of the lipid [14–16]. This dependence of the behav-
ior of melittin on the structural phase of the lipid raises interesting
questions about the role of the order of the hydrocarbon core of the bi-
layer on the mechanism of action of melittin.
Cholesterol (Chol) exerts a strong effect on the structure and dy-
namics of lipid bilayers. Chol resides within phospholipid bilayers in a
manner that depends on the lipid composition [17–19]. It creates a
Fig. 1. (A) Schematic of the d54-DMPC:Chol bilayer deﬁning the regions for the twoproﬁle
model. (B) Schematic of the d54-DMPC:Chol bilayer as a guideline deﬁning the regions of
the 4-shell model used for ﬁtting the SANS data when melittin is present.
2254 S. Qian, W.T. Heller / Biochimica et Biophysica Acta 1848 (2015) 2253–2260more rigid bilayer [20–22], while simultaneously increasing the ﬂuidity
of the membrane [23]. Chol has a condensing effect on the structure of
the hydrocarbon core of the bilayer [24], driving increased order in
the lipid chains to ultimately produce the liquid-ordered (LO) phase of
the lipid [25]. Molecular dynamics simulations indicate that lipid bilay-
ers made of mixtures of dimyristoylphosphatidylcholine (DMPC) and
Chol are laterally inhomogeneous [26,27], which was supported by
small-angle neutron scattering measurements [28].
The presence of Chol in lipid bilayer membranes alters the behavior
of melittin. For example, 30 mol% Chol increases the resistance of
dipalmitoyl phosphatidylcholine (DPPC) membranes to disruption
into discoidal micelles or large vesicles bymelittin [16,29]. NMR studies
indicated that the introduction of melittin to DPPC:Chol mixtures hav-
ing 35 mol% Chol increases disruption of the lipid bilayers into micelles
when P/L N 1/100, even though the afﬁnity ofmelittin for themembrane
decreases [30]. Studies of the interaction ofmelittinwith 1-palmitoyl-2-
oleoyl-phosphatidylcholine (POPC) and dioleoyl phosphatidylcholine
(DOPC) also found that Chol confers a greater resistance to lysis by
melittin [30–32]. Later work indicated that the decreased penetration
of melittin into the bilayer caused the reduced potency of melittin [31,
32].
To better understand how the structure of a Chol-containing lipid bi-
layer is altered by melittin, small-angle neutron scattering (SANS) was
applied to vesicles composed of DMPC:Chol mixtures in the presence
of melittin at peptide concentrations below those known to form trans-
membrane pores. Through the use of deuterium labeling and solvent
contrast variation [33], melittin-driven changes in the distribution of
Cholwere observed. The structure of the lipid bilayers of theDMPC:Chol
mixtures studied responds strongly to low concentrations of the pep-
tide. Melittin disrupts the lateral organization of DMPC and Chol and re-
distributes Chol between the leaﬂets of the bilayer, much like
alamethicin [28], but an additional effect is indicated by the SANS
data. Interestingly, the change in the localization of Chol in the vesicles
depends on theDMPC:Cholmolar ratio in the vesicle, leading to the pro-
posal of an underlying physical mechanism that drives the Chol distri-
bution in response to peptide. Taken together with the results of
previous work [28,34], the results demonstrate that low concentrations
of MAPs remodel the distribution of lipids in a membrane, suggesting a
key step leading up to the eventual lysis of a cell by a MAP.
2. Materials and methods
2.1. Materials
Chain-perdeuterated dimyristoylphosphatidylcholine (d54-DMPC)
was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, U.S.A.),
D2O (99.9% atomic D)was purchased fromCambridge Isotope Laborato-
ries (Andover, MA, U.S.A.), while melittin (product M2272; N85% puri-
ty) and cholesterol (product C8667; N99% purity) were purchased
from Sigma-Aldrich (St. Louis, MO, U.S.A.). Materials were not further
puriﬁed prior to use.
2.2. Vesicle sample preparation
Vesicle solutions for SANS and CD experiments were prepared using
previously described procedures [28,34]. Brieﬂy, d54-DMPC, Chol and
melittin were co-dissolved in D2O at a 2% w/w concentration. After vig-
orous mixing, the suspension was subjected to at least 3 freeze–thaw
cycles using a water bath (40 °C) and a freezer (−20 °C). Immediately
prior to vesicle extrusion, melittin was added to the lipid suspension
and subjected to vortex mixing. A mini-extruder from Avanti Polar
Lipids (Alabaster, AL, U.S.A.) ﬁt with a porous polycarbonate membrane
having an average pore diameter of 100 nmwas used for the vesicle ex-
trusion. Samples were passed through the extruder at least 10 times.
The extruder was maintained at 40 °C to ensure that the lipids were in
the ﬂuid phase. The process produced vesicles with radii uniformlydistributed around 60 nm, as measured by dynamic light scattering
(Wyatt Technology Corp., Santa Barbara, CA, U.S.A.). Samples not used
immediately were stored at 4 °C for up to 24 h, which did not alter the
samples.
d54-DMPC:Chol molar ratios of 8:2 and 6:4 were studied. The P/L
employed was the molar ratio of melittin to the d54-DMPC:Chol mix-
ture rather than d54-DMPC. P/Ls of 1/200 and 1/500 were used for the
SANS experiments. P/L = 1/200 was used for the vesicle CD measure-
ments. At P/L = 1/500, the CD signal was too weak to be reliable. At
2% w/w, the 8:2 d54-DMPC:Chol solution corresponds to 34 mM lipid.
The resulting peptide concentrations were 169 μM (P/L = 1/200) and
68 μM (P/L = 1/500). Similarly, the 6:4 d54-DMPC:Chol concentration
corresponds to 38 mM lipid, yielding melittin concentrations of
189 μM (P/L = 1/200) and 76 μM (P/L = 1/500). The SANS samples
were measured as-prepared, while the samples for CD measurements
were diluted 10-fold prior to measurement to reduce absorption by
the sample to improve the signal-to-noise ratio.
2.3. Planar lipid bilayer sample preparation
Samples for oriented circular dichroism (OCD) experiments were
prepared as described previously [28,35]. Brieﬂy, appropriate amounts
of DMPC and Chol were co-dissolved at the desired molar ratio in a
1:1 (v/v) mixture of chloroform and triﬂuoroethanol. Melittin dissolved
in the same solventwas added to theDMPC:Chol solution at peptide-to-
lipid ratios of 1/20 and 1/200. The combined solution was deposited on
thin quartz substrates and the solvent was allowed to evaporate. The
dry samples were placed in a vacuum for at least 1 h to ensure total re-
moval of the solvent. After being removed from the vacuum, the sam-
ples were incubated with H2O or D2O-saturated water vapor at
ambient temperature for several hours prior to measurement.
2.4. Circular dichroism (CD) and oriented circular dichroism (OCD)
All CD and OCD data were measured using a Jasco J-810 CD spectro-
polarimeter (Tokyo, Japan). Dilutions from the samples used in SANS
experimentswere loaded into 1mmpath length cells andwere scanned
from 190 nm to 260 nm using a wavelength step of 0.5 nm. The sample
temperature was maintained at 37 °C. OCD is a powerful tool for
Fig. 2. CD data frommelittin associated with DMPC (black), 8:2 DMPC:Chol (red) and 6:4
DMPC:Chol (blue) at P/L = 1/200.
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layer [36–38]. OCD spectra were collected from samples sealed into a
sample cell having quartz windows. A relative humidity of ~97% was
maintained with a saturated potassium sulfate solution [39], and the
sample temperature was maintained at 37 °C. The OCD spectra were
measured from 190 nm to 260 nm using a 0.5 nm wavelength step.
Five scans were averaged for both the CD and OCD measurements to
produce a smooth curve.Fig. 3.OCDdata frommelittin associatedwithDMPC (black), 8:2 DMPC:Chol (red) and 6:4
DMPC:Chol (blue) at (A) P/L = 1/20 and (B) P/L = 1/200.2.5. SANS data collection and reduction
The vesicle solutions and solvent backgrounds were loaded into 1-
mm path-length cylindrical quartz cells (Hellma, Germany). SANS
data were collected using the Bio-SANS instrument of the High Flux Iso-
tope Reactor [40] and the EQ-SANS instrument of the Spallation Neu-
tron Source [41], both of Oak Ridge National Laboratory. Data collected
on Bio-SANS used sample-to-detector distances of 1.1 m and 6.8 m.
The neutron wavelength, λ, was set to 6 Å, and the wavelength spread,
Δλ/λ, was set to 0.14.When thedataweremerged into a single intensity
proﬁle, the conﬁgurations covered an effective q-range of ~0.006 Å−1 to
0.70 Å−1, where q is the momentum transfer and has a magnitude q=
(4π sin(θ))/λ, where 2θ is the scattering angle and λ is the wavelength.
The measurements performed using the EQ-SANS instrument
employed a sample-to-detector distance of 4 m. The instrument was
used in the 30 Hz mode with a minimum wavelength setting of 2.5 Å,
giving a second wavelength band starting at 9.4 Å. This conﬁguration
provides an effective q-range of ~0.005 Å−1 to 0.45 Å−1. All measure-
ments were performed at 37 °C. Data from the Bio-SANS and EQ-SANS
were reduced using MANTID [42] and followed standard procedures
to correct for instrument dark current, being electronic noise and natu-
ral radiation, detector sensitivity, incident beam normalization, sample
transmission, and solvent background. Reduced data were then azi-
muthally averaged to produce the 1D SANS intensity proﬁle I(q) vs. q.Fig. 4. SANS data collected for the samples made using the 8:2 d54-DMPC:Chol:Mel mix-
tures (A) and the samplesmade using the 6:4 d54-DMPC:Chol:Melmixtures (B). The data
from the peptide-free vesicles (black) and those containing melittin at P/L = 1/500 (red)
and P/L= 1/200 (blue) have been scaled to unity at q ~ 0.011 Å−1, which is the ﬁrst point
outside the beamstop of the instrument in the conﬁguration used, for easy comparison.
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SANS data analysis andmodeling employed one of two polydisperse
core–multishell spherical models, shown schematically in Fig. 1, which
were employed previously [28,34]. A brief description of the structures
used follows. The ﬁrst type of structural model employed, which was
only used for the peptide-free samples, considered the bilayer to have
regions of two different thicknesses and was termed the two-proﬁle
model. The SANS proﬁles were calculated as a superposition of the pro-
ﬁles from the two different 3-shell structures. The three shells of each
region correspond to the inner headgroup (HG) layer, the hydrocarbon
core and the outer HG layer. The contribution of each structure to the
ﬁnal model SANS proﬁle was modeled as the area fraction occupied. In
the second type of structural model employed for the analysis, a single
scattering length density (SLD) proﬁle comprising four shells, referred
to as the 4-shell model, was used to model the data. Radiating outward,
the shells loosely correspond to the inner HG layer, the inner hydro-
carbon core, the outer hydrocarbon core and the outer HG layer. The
4-shell bilayermodel was not constrained to have a symmetric SLD pro-
ﬁle. Both models provide sufﬁcient ﬂexibility for ﬁtting the data well
without over-ﬁtting it.
Data ﬁtting was accomplished through the use of a simulated an-
nealing algorithm. The χ2 parameter previously employed [43,44] wasFig. 5.Results of themodelﬁtting. Fit of the two-proﬁlemodel (black lines) to themelittin-free (
lines) for the (C) 8:2 d54-DMPC:Chol:Mel vesicles at P/L=1/500 and (D) 8:2 d54-DMPC:Chol:M
d54-DMPC:Chol:Mel vesicles at P/L= 1/200. The colors of the SANS data are the same as those u
runs of the ﬁtting are presented.used to evaluate the quality of theﬁt. The search space for theparameter
ﬁt, being the thicknesses and SLDs of the various layers of themodels, as
well as the population fraction in the 2-proﬁle model, was loosely
constrained based on known lipid bilayer structural parameters. The
known compositions of the samples were used to constrain the ranges
of the SLDs tested. The simulated annealing employed 100 temperature
steps for which 104 models were tested.
The reproducibility of the ﬁtting of the SANS data, which inherently
lacks uniqueness, was determined by performing 25 independent runs
of the simulated annealing. Results from runs that did not converge
were discarded, but such cases were relatively rare. The set of best-ﬁt
models was examined for the existence of multiple solutions, i.e. differ-
entmodel structures that ﬁt the data, andwas sorted into groups having
common structural parameters. The most physically realistic group,
based on thewell-understood nature of the system,was then statistical-
ly characterized to obtain the averages and standard deviations. While
an alternative approach to characterizing the robustness of models
resulting from diffraction from oriented lipid bilayers has been
employed by others previously [45,46], structural determination from
diffraction data of lipid bilayers is not as prone to the existence of mul-
tiple solutions as is the case for modeling SANS data.
The composition of the various regions obtained from the SANS data
ﬁtting was manually estimated from the SLD values found. For theA) 8:2 d54-DMPC:Chol and (B) 6:4 d54-DMPC:Chol vesicles. Fit of the 4-shellmodel (black
el vesicles at P/L=1/200. (E) 6:4 d54-DMPC:Chol:Mel vesicles at P/L=1/500 and (F) 6:4
sed in Fig. 4. In all cases, the entire set ofmodel proﬁles resulting from the 25 independent
Table 1A
Model parameters derived from ﬁtting 8:2 d54-DMPC:Chol SANS data.
Region 1 layer Thickness (Å) SLD (1010/cm2) Volume fraction Chol. Volume fraction HG Volume fraction Chain Volume fraction Water
Inner HG 6.5 ± 2.5 3.24 ± 0.96 0.00* 0.70 0.00* 0.30
Core 26.3 ± 2.4 6.80 ± 0.04 0.01 0.00* 0.99 0.00*
Outer HG 6.5 ± 2.5 3.39 ± 1.10 0.00* 0.66 0.00* 0.34
Total thickness 39.3 ± 7.3 Å Fraction of region 1 0.67 ± 0.16
Region 2 layer Thickness (Å) SLD (1010/cm2) Volume fraction Chol. Volume fraction HG Volume fraction Chain Volume fraction Water
Inner HG 4.1 ± 1.6 2.89 ± 1.05 0.00* 0.78 0.00* 0.22
Core 43.0 ± 2.0 6.21 ± 0.18 0.12 0.00* 0.88 0.00*
Outer HG 4.1 ± 1.6 3.45 ± 1.19 0.00* 0.65 0.00* 0.35
Total thickness 51.2 ± 5.2 Å Fraction of region 2 0.33 ± 0.16
Parameters that were kept ﬁxed during the deconvolution are marked with an asterisk (*).
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are free of water and that the inner and outer HG layers are free of
Chol and of lipid hydrocarbon chains. The peptide was ignored in the
deconvolution because of the low concentrations employed. At P/L =
1/200, the effect of the peptide would be on the order of a few percent
and therefore not reliably resolved.
3. Results
The CD spectra of melittin in the d54-DMPC:Chol mixtures are pre-
sented in Fig. 2. At P/L = 1/200, the CD spectra show a clear impact of
Chol. In addition to a change in the shape of the spectrumwith increas-
ing Chol content, the absorbance of Chol is evident at the shorter wave-
lengths measured. The negative CD band below 210 nm strengthens
with increasing Chol, which is similar to previous observations [34,47].
The change in the spectra with increasing Chol content indicates an in-
crease in the amount of random coil structure present, which could ei-
ther be a population of the peptide not associating with the vesicles or
an unfolding of melittin on the surface of the vesicles. Either case is
not inconsistent with the idea that Chol protects lipid bilayers from
the action of the peptide [30–32]. Chol reduces the penetration of
melittin into the bilayer, whichmay alter its membrane-associated sec-
ondary structure [31,32].Table 1C
Model parameters derived from ﬁtting the 8:2 d54-DMPC:Chol with melittin at P/L = 1/200 S
Layer Thickness (Å) SLD (1010/cm2) Volume fraction Chol.
Inner HG 19.9 ± 0.4 6.36 ± 0.01 0.00*
Inner core 18.1 ± 1.5 5.70 ± 0.21 0.07
Outer core 23.4 ± 1.0 6.57 ± 0.05 0.05
Outer HG 4.2 ± 0.8 2.85 ± 0.85 0.00*
Total thickness 65.6 ± 3.6 Å 45.7 ± 3.3 Åa
Core thickness 41.5 ± 2.5 Å
Parameters that were kept ﬁxed during the deconvolution are marked with an asterisk (*).
a The total thickness was calculated by not including the inner HG layer, which was found t
Table 1B
Model parameters derived from ﬁtting the 8:2 d54-DMPC:Chol with melittin at P/L = 1/
500 SANS data.
Layer Thickness
(Å)
SLD
(1010/cm2)
Volume
fraction
Chol.
Volume
fraction
HG
Volume
fraction
Chain
Volume
fraction
Water
Inner HG 18.4 ± 1.5 5.83 ± 0.23 0.00* 0.12 0.00* 0.88
Inner core 14.6 ± 2.6 6.68 ± 0.36 0.03 0.00* 0.97 0.00*
Outer core 15.8 ± 2.6 5.82 ± 0.37 0.11 0.15 0.74 0.00*
Outer HG 7.8 ± 4.6 6.16 ± 0.26 0.00* 0.02 0.00* 0.98
Total thickness 56.6 ± 11.4 Å
Core thickness 30.4 ± 5.2 Å
Parameters thatwere keptﬁxedduring the deconvolution aremarkedwith an asterisk (*).Fig. 3 shows theOCD spectra formelittin in thed54-DMPC:Cholmix-
tures at P/L = 1/20 (Fig. 3A) and P/L = 1/200 (Fig. 3B). The data in the
Chol-free samples are consistent with the inserted state (I-state) of the
peptide in which the helical axis is oriented perpendicular to the plane
of the bilayer [36–38]. In the 8:2 d54-DMPC:Chol samples, the peptide is
still predominantly in the I-state, based on the zero-crossing of the spec-
tra between 205 nm and 210 nm. Increasing the Chol content drives a
change in the insertion state of melittin in the aligned lipid bilayers.
The 6:4 d54-DMPC:Chol sample at P/L = 1/20 is clearly identiﬁable as
a mixture of the I-state and the surface-adsorbed S-state [36–38]. At
P/L=1/200, the signal is strongly distorted due to the high Chol content
and low peptide content of the sample, but the zero-crossing near
200 nm suggests a sizable population of S-state peptides.
The SANS data collected for the samples made with the 8:2 d54-
DMPC:Cholmixture are shown in Fig. 4A,while the data from the samples
madewith the 6:4 d54-DMPC:Cholmixture are shown in Fig. 4B. The sig-
nal-to-noise ratio resulting from the use of d54-DMPC and D2O is excel-
lent and makes it possible to resolve subtle differences in the SANS data
that result from increasing melittin content. Even at P/L = 1/500, the
shape of the proﬁles changed from that of the peptide-free samples in
the region of the data corresponding to the structure of the bilayer. The
subtleﬂattening of the oscillation in theproﬁle of thepeptide-free vesicles
transitions to a more rounded shape with increasing peptide concentra-
tion, which is consistent with a previous study of alamethicin interacting
with these lipid mixtures [28]. The concentration-dependent change in
the structure of the bilayer demonstrates that a population of the peptide
associates with the vesicles at both Chol concentrations.
The results of the ﬁtting are presented in Fig. 5, Tables 1A, 1B, and 1C
and 2A, 2B, and 2C, as well as in the Supplementary information. The
peptide-free SANS data (Fig. 5A and B) were reasonably ﬁt using the
two-proﬁle model, yielding χ2 ~ 7.1 for the converged models found
for the 8:2 d54-DMPC:Chol data and χ2 ~ 10.3 for set of models from
the 6:4 d54-DMPC:Chol data. As noted in the previous study of
alamethicin [28], if the lateral domains have sizes comparable to the bi-
layer thickness, such structures would impact the SANS data in the vi-
cinity of the oscillation but the model does not account for such
structures. The ﬁts of the 4-shell model to the SANS data from the 8:2ANS data.
Volume fraction HG Volume fraction Chain Volume fraction Water
0.00 0.00* 1.00
0.16 0.77 0.00*
0.00* 0.95 0.00*
0.78 0.00* 0.22
o consist almost entirely of water.
Table 2B
Model parameters derived from ﬁtting 6:4 d54-DMPC:Chol with melittin at P/L = 1/500
SANS data.
Layer Thickness
(Å)
SLD
(1010/cm2)
Volume
fraction
Chol.
Volume
fraction
HG
Volume
fraction
Chain
Volume
fraction
Water
Inner HG 17.0 ± 1.8 5.20 ± 0.31 0.00* 0.26 0.00* 0.74
Inner core 18.3 ± 1.6 6.84 ± 0.01 0.00 0.00* 1.00 0.00*
Outer core 12.1 ± 1.9 4.98 ± 0.40 0.36 0.00* 0.64 0.00*
Outer HG 7.2 ± 4.7 5.68 ± 0.1.0 0.00* 0.16 0.00* 0.84
Total thickness 54.6 ± 9.9 Å
Core thickness 30.3 ± 3.5 Å
Parameters thatwere keptﬁxedduring the deconvolution aremarkedwith an asterisk (*).
Table 2A
Model parameters derived from ﬁtting 6:4 d54-DMPC:Chol SANS data.
Region 1 layer Thickness (Å) SLD (1010/cm2) Volume fraction Chol. Volume fraction HG Volume fraction Chain Volume fraction Water
Inner HG 4.0 ± 0.8 2.36 ± 0.52 0.00* 0.89 0.00* 0.11
Core 27.8 ± 0.8 6.82 ± 0.03 0.00 0.00* 1.00 0.00*
Outer HG 4.0 ± 0.8 3.08 ± 0.76 0.00* 0.73 0.00* 0.27
Total thickness 35.8 ± 2.4 Å Fraction of region 1 0.63 ± 0.15
Region 2 layer Thickness (Å) SLD (1010/cm2) Volume fraction Chol. Volume fraction HG Volume fraction Chain Volume fraction Water
Inner HG 4.4 ± 1.9 3.02 ± 0.76 0.00* 0.75 0.00* 0.25
Core 43.3 ± 2.4 6.20 ± 0.07 0.12 0.00* 0.88 0.00*
Outer HG 4.4 ± 1.9 3.95 ± 1.04 0.00* 0.54 0.00* 0.46
Total thickness 52.1 ± 6.2 Å Fraction of region 2 0.37 ± 0.15
Parameters that were kept ﬁxed during the deconvolution are marked with an asterisk (*).
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D) (χ2 ~ 3.3 for P/L = 1/500 and χ2 ~ 3.6 for P/L = 1/200). Similarly,
the 6:4 d54-DMPC:Chol SANS data ﬁt well to the 4-shell model
[χ2 ~ 1.3 for P/L = 1/500 (Fig. 5E) and χ2 ~ 1.4 for P/L = 1/200
(Fig. 5F)]. The magnitude of the χ2 values can be partially attributed to
the very small experimental uncertainties in the data that are derived
from the neutron counting statistics, but it remains possible that the
model is not ideal for the data. The model represents a reasonable com-
promise in light of the well-known structure of phospholipid bilayer
membranes and the inherent information content of SANS data.
The structural parameters resulting from the data ﬁtting from the
peptide-free 8:2 d54-DMPC:Chol and 6:4 d54-DMPC:Chol vesicles
are presented in Tables 1A and 2A, respectively. It is noted that the
peptide-free bilayers in the present study are thinner than those
found in a previous study [28]. Comparing Fig. 5A and B with Fig. 4A
and C of Ref. [28] reveals subtle differences in signal-to-noise ratios
and experimental uncertainties that can be traced back to the instru-
ment on which the data were collected. Data from Bio-SANS [40] was
presented previously, while data from EQ-SANS are presented in the
present work [41]. Further, while the models were the same, the ap-
proach to ﬁnding the best model has been reﬁned in the present study
from that employed previously. The differences in the thicknesses of
the two regions in the vesicles are comparably large. The relative area
fractions, general structural features and distribution of material be-
tween the two regions are consistent.
Melittin exerts a strong effect on the structure of the 8:2 DMPC:Chol
vesicles. At P/L = 1/500, the majority of the Chol resides in the outer
leaﬂet of the bilayer, and the deconvolution of the model SLD proﬁle
suggests that the outer leaﬂet is highly distorted because it possesses
a poorly-deﬁned HG region. The bilayer again changes structure when
P/L increases to 1/200. However, rather than the outer leaﬂet being
strongly distorted, it is the inner leaﬂet that lacks a well-deﬁned HG
region. The bilayer does not thin a great deal, particularly compared
to how this lipid mixture responded to alamethicin [28]. The P/L = 1/
200 bilayer is thinner than the P/L = 1/500 bilayer, if the inner HG re-
gion is ignored.
Melittin has a similar effect on the 6:4 d54-DMPC:Chol bilayers. In-
terestingly when P/L = 1/500, the bilayer retains four well-deﬁned
layers. The inner leaﬂet is entirely depleted of Chol, resulting in a large
volume fraction of the outer core being occupied by Chol. The inner
HG region is much thicker than the outer, and both HG regions contain
a considerable amount ofwater. At P/L=1/200, the structure distorts in
a manner consistent with the 8:2 d54-DMPC:Chol bilayers. The inner
HG region has become poorly-deﬁned and Chol has becomemore prev-
alent in the inner leaﬂet of the bilayer. Again, the bilayer at P/L = 1/200
is thinner than it is at P/L = 1/500.
4. Discussion
The recently published study of the MAP alamethicin in vesicles
made of the same lipid compositions studied here [28] affords anopportunity for a direct comparison between two different MAPs.
Both peptides disrupt the lateral structuring of d54-DMPC and Chol in
the peptide-free vesicles that gives rise to the ﬂattened oscillation in
the SANS proﬁle. However, their effects on the structure of the bilayers
normal to the vesicle surface are very different. Melittin decreases the
thickness of the bilayer much less than alamethicin regardless of the
Chol content. When alamethicin was present at P/L = 1/200, the bilay-
erswere less than 42 Å thick for both lipidmixtures, thinner than the bi-
layers found in the present study (see Tables 1A, 1B, and 1C and 2A, 2B,
and 2C). The difference in the MAP-containing bilayer thicknesses
points to different modes of interaction between the peptides and the
bilayers.
Alamethicin clearly resides within the bilayer in a manner that ne-
cessitates that the space below the peptide be ﬁlled by the nonpolar
groups of the bilayer, thereby thinning it [48]. The peptide exists pre-
dominantly in the headgroup-adsorbed S-state in the DMPC:Chol mix-
tures studied here and previously [28], which is known to thin lipid
bilayers [48]. The present SANS results indicate that melittin does not
interact with the bilayer in the samemanner. Two possible modes of in-
teraction exist for melittin that would produce a limited impact on the
membrane thickness. If the peptide is only loosely associated with the
surface of the vesicle such that it does not strongly interact with the hy-
drocarbon core of the bilayer, the membranemay thin less. Alternative-
ly, the bilayer may not thin if melittin adopts a membrane-spanning
state that does not distort the hydrocarbon core. The OCD data (Fig. 3)
indicate that increasing the Chol content decreases the amount of the
peptide in the transmembrane I-state, and the CD results (Fig. 2) and
the SANS results (Figs. 4 and 5) demonstrate that a population of
melittin interacts with the vesicles even as the Chol content increases.
The OCD results indicate that the peptide lies in the HG region of the
6:4 d54-DMPC:Chol vesicles, consistent with previous work showing
that the peptide mainly adopts the surface-associated S-state at the
low concentrations studied [36–38]. While the S-state normally thins
lipid bilayers [48], Chol reduces the penetration depth of melittin [31,
32], which would decrease how much it thins the bilayer. The current
results support the former mode of interaction, rather than the latter
one.
Table 2C
Model parameters derived from ﬁtting 6:4 d54-DMPC:Chol with melittin at P/L = 1/200 SANS data.
Layer Thickness (Å) SLD (1010/cm2) Volume fraction Chol. Volume fraction HG Volume fraction Chain Volume fraction Water
Inner HG 20.0 ± 0.1 6.35 ± 0.01 0.00* 0.01 0.00* 0.99
Inner core 16.4 ± 1.9 4.88 ± 0.32 0.26 0.13 0.61 0.00*
Outer core 22.9 ± 1.4 6.68 ± 0.06 0.03 0.00* 0.97 0.00*
Outer HG 7.8 ± 1.5 3.04 ± 0.77 0.00* 0.74 0.00* 0.26
Total thickness 67.1 ± 4.9 Å 47.1 ± 4.8 Åa
Core thickness 39.3 ± 2.3 Å
Parameters that were kept ﬁxed during the deconvolution are marked with an asterisk (*).
a The total thickness was calculated by not including the inner HG layer, which was found to consist almost entirely of water.
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d54-DMPC:Chol mixtures, Chol becomes more prevalent in the inner,
distorted leaﬂet at P/L = 1/500 and transitions to the now-distorted
outer leaﬂet at P/L = 1/200. In contrast, alamethicin at this P/L greatly
enhances the Chol content of the inner leaﬂet of this lipid mixture
while depleting the outer leaﬂet. Melittin has a different
concentration-dependent effect on the 6:4 d54-DMPC:Chol mixture.
While the effect of the peptide at P/L = 1/200 is the same as in the
other lipid mixture, the impact of the peptide at P/L= 1/500 is reminis-
cent of that of alamethicin at P/L=1/200 [28]. Chol is highly enriched in
the outer leaﬂet of the bilayer at the expense of the content of the inner
leaﬂet. The behavior observed is consistent with the increased resis-
tance to lysis by melittin imparted by Chol [30–32]. The impact of the
concentration of alamethicin was not investigated previously, but
when takenwith the P/L=1/500melittin in the 6:4 d54-DMPC:Chol re-
sult, an underlying physical mechanism can be suggested for this state.
It iswell understood thatMAPs deformmembranes, which increases
the free energy of the system [48]. A peptide adsorbed at the boundary
between the polar and nonpolar regions of the bilayer locally thins the
membrane as a result of the nonpolar bilayer core beneath the peptide
distorting to ﬁll in the space beneath the peptide [49–51], and the ex-
tent of the distortion can be reduced by introducing a lipid with a neg-
ative intrinsic curvature [52], such as Chol [53]. Chol has a more rigid
structure than the lipid acyl chains as a result of the rings, and it lacks
a large headgroup. Therefore, one would expect that Chol reduces the
free energy cost of a MAP associating with a Chol-containing bilayer in
a surface-adsorbed state, consistent with a decrease in the fraction of
the population of a MAP, such as melittin or alamethicin [28], found in
a transmembrane state.
In a vesicle, the free energy cost of a MAP associating with the lipid
bilayer would also decrease in a similar manner, but the impact of the
curvature of the vesicle on the distribution ofmaterialmust also be con-
sidered. Presumably, the negative curvature of Chol would cause it to
preferentially segregate to the inner leaﬂet of the vesicle. Regardless of
Chol concentration in the vesicle, one would expect that very small
amounts of peptide that adsorbed into the headgroup region of the bi-
layer would segregate to the outer leaﬂet of the vesicle tominimize cur-
vature strain. In response, the Chol would then segregate to minimize
the free energy of the system by balancing the net curvature strain in
the vesicle against the relative afﬁnity of the peptide for the lipid and
Chol.
The strong distortion of one leaﬂet of the bilayer indicated by
the SANS results for melittin in the 8:2 d54-DMPC:Chol mixture and
at P/L = 1/200 in the 6:4 d54-DMPC:Chol mixture suggests that the
peptide transitions to a different interaction with the membrane.
Melittin, unlike alamethicin, has been termed ‘surface-seeking’ [54],
and remains so even when forming toroidal transmembrane pores
[55]. A tilted state that does not span across the membrane has
been suggested as a possible state for antimicrobial MAPs as one
concentration-driven step leading to pore formation [56]. Such a state
would be highly disruptive of the lipids in the local area, consistent
with the models derived from the SANS data here, and would induce a
curvature strain locally that would drive Chol to the vicinity of the pep-
tide to relieve curvature strain. Localization of the distortion to eitherthe inner or outer leaﬂet would then balance the total free energy of
the system, with the inner leaﬂet being the most favorable at higher
peptide concentrations.
5. Conclusions
The impact of low concentrations of MAPs on the organization of
mixed composition lipid bilayer membranes seen here and previously
[28,34] increasingly suggests thatMAPs are very disruptive even at con-
centrations below those normally attributed to their biological
activity [1–4,48]. The remodeling of the distribution of Chol and the dis-
ruption of the lateral structuring by melittin and alamethicin suggest
that signiﬁcant localized disruption of the lipid organization of target
cell membrane takes place during the accumulation of a lethal con-
centration of a MAP on the cell surface. The similarity of how the Chol
distribution responds to melittin and alamethicin in the 6:4 d54-
DMPC:Chol mixture, in spite of clear differences in their impact on
other features of the bilayer structure, supports a common underlying
physical mechanism behind the redistribution of Chol by MAPs. The
use of neutron scattering and selective deuterium labeling made it pos-
sible to directly target the response of the lipids to a MAP and the ap-
proach has the potential to reveal speciﬁc lipid-residue interactions
that are related to cellular speciﬁcity in a biological context.
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